(2) 




Europaisches Patentamt 
European Patent Office 
Office europ^n des brevets 



<2) Publication number: 



0 283 740 

A2 



EUROPEAN PATENT APPLICATION 



0 Application number: 88102624.9 
(§) Date of filing: 2^02.88 



® int. ci>. C22B 3/00 , C22B 58/00 



® Priority: 24.0Z87 US 18110 

® Date of publication of application: 
28.09.88 Bulletin 88/39 

@ Designated Contracting States: 

AT BE CH DE ES FR GB GR IT LI LU NL 8E 



0 Applicant: MONSANTO COMPANY 
P.O. Box 7020 

St Louis Missouri 63177-7020(US) 

(§) Inventor: Coleman, James Patrfclc 
2374 Wescreek Drive 
Maryland Heights Missouri 63043(US) 
Inventor: Monzylt, Bruce Francis 
2066 Pheasant Run 
Maryland Heights Missouri 63043(US) 

0 Representative: Dost, Wolfgang, 
Or.rer.nat.,OlpI.-Chdm. et al 
Patent' & ReohtsanwUte Bardehle . 
Pagenberg . Dost . Altenburg . Frohwitter . 
Gelssler & Partner Qalileiplatz 1 Postfach 86 
06 20 

D-6000 MUnchen 86(DE) 



0 Oxidative dissolution of gallium arsenide and separation of gaiiium from arsenic. 



@ Gaiiium is recovered from gallium arsenide by reacting and dissolving the gallium arsenide with an oxidant 
and a complexfng agent especially vrfth water Insoluble hydroxamic acids wHh mild conditions, e.g. with 
aqueous hydrogen peroxide and mild temperature, to effect separation of gafflum hydroxamic add chelates from 
water soluble arsenic compounds. 
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OXIDATIVE DISSOLUTION OF QALLIUM ARSEWiPB AWO SB»ABATION OF GALLIUM FROM ARSENIC 



The present invention relates to the oxidation of gallium arsenide and methods, procedures and 
compositions involved therein, and is particularly directed to the recovery of gallium from gallium arsenide 
by a method Involving oxidation in the presence of a water Insoluble complexing agent particularly a 
hydroxamic acid, and separation of the resulfing gallium complex from water soluble arsenic compounds. 



BACKGROUND OF THE INVENTION 

Gallium arsenide, along with derivatives such as gallium aluminum arsenide, is used In a wide range of ^ 

10 electronic and optical applicaBons. During the manufacture of gallium arsenide devices, as much as 90% of 
the gallium arsenide becomes waste. Gallium is not readily avail^le from primary sources, but is produced 
in relatively small quantities as a byproduct from aluminum, zinc and phosphorus operations. Since gallium * 
is expensive and relatively scarce, gallium arsenide waste represents a valuable source- for gallium. 

Gallium arsenide is a very stable material and methods for its recovery often involve very stringent 

75 means such as vacuum thermal decomposition or treatment with very reactive agents. Thus Abrjutin et al, 
U.S. Patent No. 4,362.560, discloses a vacuum-thermal decomposition process for treating various high 
grade gallium arsenide wastes, and also references various prior art processes, including oxidation of 
gallium arsenide under anhydrous conditions with chlorine. Abrjutin et ai further describe preliminary 
hydrochemical treatment to remove impurities, ir>volving treatment with an aqueous solution of hydrochloric 

20 add in the presence of an oxidizing agent Nitric add or hydnsgen peroxide are preferred for use as the 
oxidizing agent. The plates of gallium arsenide after this hydrothermal treatment are subjected to vacuum- 
thermal decomposition. Bird et al. Production of High Purity Qaillum from Scrap Gallium. SME iWlnisym- 
posium on "The Hydrometallurgy of The Rarer Metals". Dallas. 1982. pp. 59-64, describes various sources 
of gallium arsenide scrap, and a process to produce high purity gallium therefrom: the process includes 

25 disassociation by leaching In hot aqua regia (4HCI:1 HNOJ. and neutralization of the add solution with 
NaOH to precipitate Ga(OH)j. The byproduct salt solutions, the add fumes and NOx emisa'ons make such 
systems difficult to deal with from both a health and environmental point of view. The dissolved arsenic and 
other metal ions (from dopants and co-metals, etc) cause serious problems In disposal of the reaction 
mixture. The product sduBon, which may contain only a percent or so of gallium, must have all of its add 

30 neutralized to recover gallium hydroxide as gallium hydroxide solid- Also the solid is gelaBnoua and 
extremely difficult to fitter. 

There Is extendve Kerahire on (rfjemical etching of various semiconductor materi^s. such as Wemer 
Kern. Chemical Etching of StBcon. Germanium. Gallium Arsenide, and Gallium Phosphide, RCA Review. Vol. 
39, June, 1978, pp. 268-309. which In discussing general etching mechanisms of semiconductors. Indicates 

3S that ttiey typically involva ooddation-reduction reactipns. foBowed by dissolution of the oxidation products, 
frecjuently by complexing. In the case of silicon and germanium the oxidation agent Is frequently HNO,. and 
the complexant is HP. NaOH-HiO* and H^O<+lA-HrfJ sqlutlons are listed among the most commonly 
• employed etehants for GaAs. The Bectrodiemlstry of Seirtconductors. Ed. by P. J. Holtnes. Academic 
Press. London and New York (1962). at pages 367-3^. has a section on Etehants for the More Important 

40 Semiconductors, and at page 372 lists an NaOH and HA solution and an HCI, HNO, and H,0 solution 
among those for gallium arsenide. A recipe fbr diemlcal polishing Indium Tellurlde Incfcjdes Br, and acetic 
acid saturated with citric acid. A citric acid-hydrogen peroodde-water system for preferential etching of GaAs 
is described by Otsubo et al, J. Bectrochem. Soa. 1^ (5). pp. 678-680. 

Some hydroxamic adds have been utilized in the art foe extraction purposes. U.8P. 3321.351 issued 

45 • June 28. 1974 to M. F. Lucid discloses certain N-substltuted hydroxamic adds useful as extractants for the 
recovery of copper, molybdenum, uranium. Iron and vanadium. U.S.P. 3,971.843 issued July 27. 1976 to J. 
Heigorsl<y et al discloses a solvent extraction process employing certain suijstituted hydroxyquinollnes for 
the recovery of gallium 1mm aqueous aUcallne solutions. 

Xiang et ai in Acta iWetallurglca Sinlca 18 (2). 221. (1982) describe tiie use of a certain undefined fatty 

50 hydroxamic add for tiie recovery of gallium from aqueous add solutions. 

Iwaya, Japanese Patent No. SH060(1985) 245736. Appl. No. Sho. 59(1 984>1 01504. publl^ed Decem- 
ber 5. 1985. discloses a method of recovering gallium, using hydroxamic adds, described as having -C(0)- 
NHOH groups, from high^iastcity aqueous sodium aiuminaie solutions. 

We have now discovered a process which can be adapted so tiiat GaAs Is easily dissolved using mildly 



reactive reagents, and the gallium and arsenic are separated without the need for use of large amounts of 
neutralization reagents, and with minimal (theoretically zero) emissions of hazardous chemicals into the 
environment The process can avoid harmful NO^ emissions and provide for regeneration of the dissolution 
reagent for re-use. 

5 

SUMMARY OF THE INVENTION 

In a prefen-ed aspect, the invention involves effecting disassociation and dissolution of gallium arsenide 
w material with an oxidizing agent and an N-organohydroxamic acid, especially with aqueous media present 
so that a gallium hydroxamic acid complex can be separated from an aqueous phase which largely retains 
the arsenic product* The invention further involves use of extraction procedures* with or without the use of 
organic solvent, to separate gallium complexes from the aqueous phase» and stripping procedures to strip 
the gallium from the organic phase and to free the hydroxamic acid in the organic phase for re-use in 
75 disassociation and dissolution reactions or additional extractions. The invention can also involve adjusting 
the pH of reaction mixtures, as by addition of dkali or acid, to have appropriate pH ranges to effect good 
extraction of the gallium and possibly also to effect separation from metal impurities. In a particularly 
preferred aspect of the invention, hydrogen peroxide is used as the oxidizing agent in order to use a miid 
oxidizing reagent which is reduced to an environmentally acceptable material. In another aspect the 
20 invention involves effecting disassociation and dissolution of gallium arsenide witii an oxidizing agent and a 
polybasic or poiyfunctional phosphorus chelating agent In a further aspect the invention involves oxidizing 
gallium arsenide in the presence of a complexing agent to effect disassociation and dissolution, and tiien 
extracting tiie gallium from the. resulting solution witfi an organic extractant comprising a water insoluble N- 
organohydroxamic acid. 

25 In another aspect the invention involves effecting disassociation and dissolution of gallium arsenide wtth 

an oxidizing agent and in contact with a liquid comprising a hydroxamic actd. The invention thus Includes 

use of both N-H and N-organohydroxamic acids. 

The invention also concerns a mixture having a N-organohydroxamic add in contact witii fine particle 

QaAs. providing a favorable environment for osddatidn of the GaAs. The Invention Is furflier concemed witii 
30 a liquid mixture having an organic phase compridng a hydnaxamic acid chelate of gallium, and an aqueous 

phase comprising arsenic acids. 

DETAILED DISCLOSURE 

35 

In an exemplary and preferred process of the invention the process comprises blending material 
containing gsJHum arsenide (or gallium aluminum arsenide or gallium indium arsenide, etc.) with a liquid N- 
alkylalkanohydroxamlc acid and then adding hydrogen peroxide with stining. Reaction times may be 5*10 
minutes without heating, and less tiian two minutes wltii heating. Neariy Instantaneous reactions are 

40 achievable witii adequate heating and stirring. The temperature when heating is employed can be miid, 
such as 50 to 80*0. or so, or on up to alwut the boiling point of tiie aqueous mixture, altiiough It vrfll not 
generally be desirable to boll away readarts. H desired, higher temperatures can be employed at elevated 
pressure, in order to accelerate the reaction, but such conditions are not usually necessary. 

It is also worthy of emphasis that the exemplary process is adaptable to use with a vrfde variety of 

45 gallium arsenide feed or source materials. Thus the process can be used for relatively pure gallium 
arsenide scrap, or witii materials in which tiie gallium arsenide is only a small fraction of tiie content The 
hydroxamic acid and hydrogen peroxide can be used to recover gallium and arsenic from scrap containing 
large amounts of other materials, witfiout undue loss of reagents. By contrast, some more reactive reagents 
have a greater tendency to react witii ottier components of tiie scrap witii loss of reagent and to produce 

so large quantities of environmentally objectionable waste from the other components. The present exemplary 
process gives good separation from arsenic, under mild conditions, and Is adaptable to wide range of feeds, 
including tiiose witii a small QaAs content 

Using HA to designate a hydroxamic acid, a above a compound to designate organic phase 
solubility and a below a compound to designate Insoluble solids, ttie main reactions in ttie exemplary 

55 process appear to be: 

GaAs + 3HjO, + ?HA GaAg + H3ASO, + 3H,0, or if enough H,0,is used to further oxidize 
the arsenous acid, _ _ 

QaAs + 4H A + 3HA SaAg +HaAsO* + 4H,0 



3 



to 



IS 



20 



2S 



30 



36 



4S 



SO 



Since the starting reagents In the exemplary process are of low addlty or bascity (the pKa of 
hydroxamic acids are alDout nine and that for hydrogen peroxide is about 12). the reagents are mild. (The 
pH during the reaction of such agents may be about 0.5 to i. due to the arsenic and/or arsenous acids 
produced, but will vary with acids, alkali or other agents used.) TTie hydrogen peroxide is converted to water 
and any excess hydrogen peroxide readily decomposes to water and oxygen, both environmentally 
acceptable materials. The gallium and arsenic are separated when the stlning of the reaction mixture is 
stopped since GaA, is oil soluble and water insoluble while H,AsO, or H^AsO. (or in general their salts) are 
water soluble The gallium can be recovered from the hydroxamic add by stripping procedures as 
described herein. The arsenic can be recovered by evaporation of water and drying to produce As,0, or - 
As O, which are useful products as such, or which can be converted to elemental arsenic. Alternatively, the 
arsenic can be converted to water insoluble metal arsenate salts such as copper arsenate, calcium arsenate 
or iron (III) arsenate. These can be useful products in themselves or are easily disposed of in an 
environmentally acceptable manner due to their very high water insolubility. 

The exemplary process involves an Immlsdble heterogeneous system with solid GaAs particles In 
contact with two immiscible liquid phases. Aside from whether the oxidation occurs at an interface or in one 
of the liquid phases, it appears that the mixture having a hydroxamic add. preferably N-organohydroxamic 
acid In liquid contact with the GaAs provides a favorable environment for oxidation of the QaAs. Also the 
process produces a two-phase liquid mixture in which an organic phase comprises hydroxamic acid, 
preferably a N-organohydroxamlc add. chelate of gallium, and the aqueous phase comprises one or more 
acids of arsenic, and the phases can be readily separated to separate the gallium and arsenic. Since the 
product results from decomposition of QaAs. the gallium chelate and arsenic adds will generally be in 
eauimolar relationship. 

The reactions herein can suitably be earned out with stddtlometric amounts of reagents, or say an 
excess of 10 to 20% or so of oxidiring agent and complexing agent compared to the gallium arsenide, 
although a 2 or 3 fold excess or larger can be used if desired, if less than a stoichiometric amount of 
hydroxamic acid is used, the reaction of GaAs will generally be incomplete, but sudi amounts can be used 

when partial reaction is acceptable. _« ^ • 

It has been found that a number of complexing and chelahng agents are effectve in the present 
invention in aiding the dissolution of gallium from gallium arsenide. Sudi agents include a number of 
polycarboxylic acids and ih^lr salts, phosphorus add salts, pdyphosphoric add compounds and hydrox- 
amic acids. Among these, the N-organohydroxamlc adds are a particularly useful class of dielafing agents 
for use herein. The N-organohydroxamic adds are very effective in conjunction with oxidizing agents m 
caudng reaction of gallium areenlde wHh conversion Into soluble components. In addition, the N^wgano 
hydroxamic adds can be selected so as to be water Insoluble so that the gallium dielated with hydroxamic 
add readily separates from aqueous media used In the oxidation of the galHum arsenide, and from the 
arsenic adds which remain In the aqueous medium. Thus It Is particularly advantageous to use N-organo 
hydroxamic adds which are sduble In oi^anlc soWents but Insoluble in water. Such substanftaliy water- 
Insoluble hydroxamic acids generally have at least about 8 carbon atoms, and can be represented by the 
formula R,e(0)N(OH)R. In which R. and R, are organo groups or R. Is hydrogen, and have atota) of atfeast 
about 8 carbon atoms and preferably not more than about 40 carbon atoms. R, and R. are preferably alkyi 
groups as in N-allcyl alkanohydroxamic adds, but can contain aromatic, hatogen or other groups, provided 
that the compounds are water Insoluble and the groups do not unduly Interfere with fiincfionanty as 
extractants for gaWutn. BfeinplMlcallons of R. and Ri include linear, branched or cydoaHphatlc groups 
although in the case of such cyclodkyi groups as cydohexyl. care must be taken to have sufRdent 
hydrophobic groups present to provide the desired water irwolubility. The. hydroxamic adds and their 
gallium complexes must have appropriate sdublllty in organic media. The extractants used herein also have 
high, solubility In kerosene and other substantially aliphatic petroleum distillalas. Rt frequently represents 
lower alkyl. particularly of 1 to 3 carbon atoms, or the methyl group. R. can also have additional N-organo 
hydroxamic acid groups, as In structures wherein R, represents •(CHR,(CH(R4)C(0)N(0H)R.>. which are 
exempnfled by dl-hyroxamic adds of succlnyl compounds; in such compounds at least one of R, and R* is 
an organo radical and the other one be hydrogen, and R. Is an organo radical, and the R,, R* and R, organo 
radicals often have a total carbon number greater than 8 and are preferably alkyl radicals selected from the 
types of groups described above or Illustrated or exemplified herein with regard to R, and R,. A particular 
dass of useful N-organo hydroxamic acids Is represented by the formula CHr{CH,)mC{0)N(OHKCH,)66„CH, 
wherein m is an integer from 6 to 16 and n Is an Integer from 0 to 6. Such N-organo hydroxamic adds, 
particularly exemplified by N-alkylalkanohydroxamlc adds, which are chelating extractants. reversibly 
extract gallium over a broad range of conditions, as disclosed and described in European Patent application 
87 870 166.3 of James P. Coleman. Bruce F. Monzk and Charles R. Graham filed December 3. 1987. the 



disclosure of which is incorporated herein by reference. 

This class of N-organohydroxamic acids* particularly exemplified by N-alkylaikanohydroxamic adds, 
which are chelating extractants, reverstbiy extract galHum<lll) over a broad range of pH conditions. It 
happens, that gailium{lll) exists in aqueous solution In a number of different hydroxide complexes whose 

s relative abundance depends upon pH. The Qa^* salt is the predominant form below pH 2, but its proportion 
rapidly declines between pH 2 and pH 4. while the fraction of Qa(0H}3^ rises to about 50% at pH 3 and 
then declines to near zero at pH 5: the Ga(OH), becomes evident above pH Z rising to about 65% at pH 4 
and then declines to pH 6; Ga{OH), becomes evident at pH3. rising to neariy 60% at a little above pH5 and 
then declining to near zero at pH 7; Ga(0H)7 appears at about pH 4 and becomes the predominant form 

10 over pH 7. Since the tri-hydroxy species Ga(OH)j is virtually insoluble in water, and is formed in the pH 
range from about 3 to about 7. a natural limitation is ttierefore placed on the pH of commercial gallium- 
containing solutions which do not utilize solubillzing chelating agents. 

The N-alkyI alkanohydroxamic acids described herein have been shown to extract gailium(lll) from 
aqueous solution rapidly and selectively in the pH range from about 0.5 to about 12 and to be rapidly 

75 stripped of gallium(lll) by aqueous solutions witti a pH outside ttiis range. This range of pH for gallium (III) 
extraction coupled with two pH ranges for galHum(lll) stripping, namely less than about 0.5 or greater than 
about 11 or 12, allows the use of these N-a!kylalkanohydroxamic acids in a process for gallium (III) 
extraction from either acidic or alkaline ieach solutions and subsequent recovery of the. gallium (111) via 
stripping with either strong acid or strong base. Actually, tiiere is generally some overiap in extraction and 

20 stripping conditions, and stripping can be accomplished, for example at pH's of about 11 or 11.5 or above. 
However, efficiencies are affected, as an extraction, for example, will have low efficiency under conditions 
where a large proportion of tiie Qa Is partitioned into the aqueous phase. In pnsurtlcing the present invention, 
the reaction with gallium arsenide can be conducted in the presence of N-organohydroxamic acid and an 
aqueous medium, and the pH can subsequently be adjusted prior to separating the phases and the phase 

25 separation can be conducted advantageously under the most efficient extraction cofKlltions with those 
described herein being particularly appropriate. The stripping can be conducted under condWons generally 
applicable to strip gallium from gallium hydroxamic add chelates in an organic phase. 

When a liquid hydroxamic acid compound is used, it can be used neat as the organic phase in the 
oxidation-dissolution reaction and the subsequent extraction-separation. However it will often be preferable 

30 to use an organic solvent as an extender, or to lower viscosity or lessen absorption or resulting fosses of 
tiie hydroxamic acid, or to promote phase separation, and tiie organic phase often includes a liquid 
hydrocarbon solvent. Such solvent must be substantially water immiscible so as to be separable from the 
aqueous solutions containing ttie arsenic values. Suitable solvents include aliphatic and aromatic hydrocar- 
bons such as kerosene, hexane, toluene, metiiylene chloride, chloroform, carbon tetrachloride, xylene, 

35 naphtha, cyclohexane, Chevron ton Exchange solvent Ifermac 470-B. Solvesso 100 and ttie Hfce. Kerosene 
and other low viscosity, high flash point petrolleum distillates are preferred. Generally, ttie hydroxamic 
compounds will be present in the organic phase in an amount of at least about 2% by weight Preferably, 
the N-alkyI alkanohydroxamic compound will be present In tiie amount of 2 to 40%. more preferably about 
10 to 35%, by weiglit based on tiie total organic phase. Viscosity and/or solubility serves to fix the upper 

40 limit of tiie content of said hydroxamic convP«Jrid which will depend upon the structure of the compound 
employed. Normally, an amount of above about 20% by weight is employed aHhough amounts as high as 
60% can be functional. Certain structures, for example. N-metiiyl isostearohydroxamic acid, have suffl- 
dentiy low viscosity that they can be used neat Ke. wittiout a solvent Where high complexing salt 
concentrations, such as phosphates, are present the extractant efficiency drops off at 0x6*8018101 ooncentra* 

45 tions less than 10%; while efficient exb-acflon Is obtained at even 2 to 5% ccmcentration In the absence of 
complexing salts. Witii N-alkyI naphtheno HA's. 20% or so is prefen^ as higher concentrations tesKi to 
have high viscosity. 

The organic phase may also contain modifiers which can be a long chain aliphatic alcohol, such as 
isodecanol or phosphate esters, such as tributylphosphate. Modifiers serve to prevent tiilrd phase fomiation, 

60 aid in phase disengagement and/or Increase extractant solubility in tiie hydrocarbon solvent if a modifier is 
used, it can be used in amounts of about 0^% to 50%. or greater, by volume of tiie hydrocari3on solvent, 
preferably about 5%. Certain particular types of modifiers, referred to herein as co-extractants, setve to 
improve the efficiency or speed of ttie extractions, as hirttier described herein. 

In carrying out ttie extraction part of ttiis Invention the gallium bearing aqueous solution is contacted 

55 batchwise or continuously with tiie extractant solvent comprising at least 2% by weight of ttie N- 
organohydroxamic acid. The gallium and arsenic values can be separated by simply separating tiie organic 
and aqueous phases after ttie oxidation-dissolution reaction. However, if desired, ttie degree of extraction 
and completeness of separation can be improved by additional contacts or extraction stages or other 
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advantageous extraction procedures as described herein. The aqueous feed soiution bearing gallium can be 
adjusted to provide an equilibrium pH In an appropriate range depending upon the particular hydroxamic 
acid extractant employed and upon the type of leach solution being extracted. The volume ratio of the 
aqueous phase to the organic phase may be selected to most effectively remove the gallium from the 
aqueous phase without requiring undue volumes ot materials. Aqueous phase to organic phase volume 
ratios of from 1:20 to 20:1 are believed to be effective, although other ratios may prove effective depending 
upon the specific characteristics of the solvent extractant and the gallium bearing aqueous solution 
employed. Phase contact can be achieved using, for example, stirred tanks or mixer-settlers. In the mixer, 
one phase Is dispersed within the other by stining or some other suitable means of agitation. The extractant 
forms a complex with the gallium within the organic phase of the two-phase liquid mixture. The dispersion 
then flows to the settler where phase disengagement occurs under quiescent condition?. Generally, 
extraction-can be carried out at temperatures in the range of 0-C. to 90«C. or more, preferablif in the range 
of about 35**C. to about 70 '^C. Temperatures of 50-80*0. are most preferred. 

It may be desirable to scrub the gallium-loaded organic phase to remove co^xtracted metal ions and 
entrained aqueous phase in order to achieve the desired purity depending on me particular gallium bearing 
aqueous feed solution employed. This is achieved by washing the gallium loaded solvent with water, 
aqueous ammonia, dilute acid aridtor an aqueous solution of a gallium salt. 

The gallium values extracted from the aqueous reaction solution Into the organic phase can be stripped 
from tiie loaded organic phase without decomposing the hydroxamic acid by contacting one part by volume 
of it with about 0.5-10 parts by volume, preferably about 0,5 - 2.0 parts by volume, of an aqueous soiutionr 
at 0 - ao*»C.. preferably about IS'^C. - 60*^0. The aqueous solution used for stripping the loaded organic 
phase can be a solution of a mineral acid, caustic or ammonia. Suitable mineral acids include sulfuric, 
hydrochloric, hydrofluoric, nitric and the like. The preferred mineral acid solution Is sulfuric acid containing 
about 1-400 grams of sulfuric acid per kg. solution, preferably about 100-300 grams per kg. solution. In 
percentages, this is 1 to 40% sulfuric acid, and preferably 10 to 30%. Suitable aqueous ammonia solutions 
are solutions containing 50-300 grams ammonia per kilogram of solution, preferably about 100-200 grams 
per kilogram of solution. Suitable caustic solutions are 5-400 grams NaOH. preferably about 5-80 grams 
NaOH, per kilogram of solution or 5-500 grams per kilogram solution of KOH, preferably about 5-100 grams 
per kilogram solution. Phase contact with the stripping solution can be achieved witii mixer-settiers. or other 
suitable devices. In tills manner tiie gallium is recovered from tiie organic phase into tiie stripping solution 
as a gallium salt The gallium-bearing stripping solution can be treated by conventional means to recover 
gallium metal, for example, by electrolytic reduction of an aqueous caustic solution of the gallium. 

The stripped gallium-free solvent extractant containing hydroxamic add can be recycled to an 
extraction circuit for further use in extraction, or for treatment of additional gallium arswilde materials wth 
aqueous oxidants. This ability for recycle appears unique to N-organo hydroxamic acids as substantial 
decomposition by hydrolysis generally occurs during stripping, particularly under acid conditions, witti N-H 
hydroxamic add compounds. N-H hydro)^lc adds are also oxidized by tiie oxidlars needed for GaAs 
dissolution. 

While N-H hydroxamic acids have certain disadvantages, as discussed herein, they are useful in the 
present invention. However, such compounds tend to be solids, and It is necessary to have them in liquid 
fbrm, as In solution or ottier liquid phase. In order «or them to be sfgnWcantiy effective 1q the present 
invention. N-H hydroxamic ^wids wftti up to about dx cartwn atoms are water soluble, attiiough essentially 
insoluble in aliphatic hydrocartDon solvents. These water soluble hydroxamic adds can be used In 
combination wrth an oxidant^ e.g. aqueous hydrogen perojdde; to oxidize and dissolve QaAs. recognizing 
that there will be some tosses by oxidation during tiie QaAs dissolution, and losses by hydrolysis in further 
procedures. Of course the gallium after an oxidation wltii aqueous media will be found in tiie aqueous phase 
as a hydroxamic add chelate and will not be separated from Jhe arsenic. Further procedures, as described 
herein for other water soluble complexing agents, can tiien be used to separate ti^e gallium. Hydroxamic 
adds, particularly straight chain hydroxamic adds, wltti more tiian about six cartwn atoms tend to be water 
Insoluble but can be dissolved In solvents for use herein In combination with oddants to disassociate and 
dissolve GaAs. Water Immisdble solvents are prefenred. as the solvent phase witti tiie gallium chelates can 
then be readily separated from an aqueous phase which dissolves the arsenic compounds, in general, 
solvents capable of dissolving the N-H hydroxamfc acid can be used. Such solvents Include medium 
polarity solvents such as n-butanol, 2-ethylhexanol. liquid alcohols of 4 to 10 or so carbon atoms, methylene 
chloride, etc. Also various aromatic hydrocarbon and halohydrocartxjn solvents which have been described 
for use with hydroxamic acids in extraction procedures, e.g. benzene, toluene, xylene, chloroform, eta 
Water miscible solvents can also be used. e,g. tower alcohols such as methyl alcohoi. etiiyl alcohol, 
acetone, tetrahydrofuran, etc. can be used, but will not provide a separate phase for Immediate separation 



of the gallium from the arsenic. Aliphatic hydrocarbon solvents can be used to whatever extent capable of 
dissolving the particular N-H hydronamic acids used, particularly those of branched structure. In the case of 
polar solvents, there is a potential for oxidative attack by the oxidant on the solvent, and this should be 
taken into account. In order to minimize solvent degradation, it may be advisable to select OKldatively 
5 resistant polar solvents, such as tertiary butyl alcohol or tributyl phosphate, or to keep the oxidation 
temperature as low as practical. 

In the case of highly branched N-H hydroxamic acids which happen to be liquid, the hydroxamic acid 
can be used in the QaAs oxidation without any solvent, in a manner like the use of liquid N-organohydrox- 
amic acids as described herein. In general the N-H hydroxamic acids when comprised In a liquid can be 
to used in procedures like those described herein for N-organohydroxamic acids, with the water soluble N-H 
hydroxamic acids giving results similar to the water soluble N-organo hydroxamic acids, and the water 
insoluble N-H hydroxamic acids giving results similar to those with water insoluble N-org^ohydroxamic 
acids. Also the use of water Immiscible solvents with water insoluble N-H hydroxamic acids Is advantageous 
in aiding in the separation of the resulting gallium chelates from aqueous reaction media in a manner similar 
15 to the advantage with water insoluble N-organohydroxamic acids of such solvents (or the neat N- 
organohydroxamic acids). Further extraction and stripping procedures to recover and purify gallium can be 
carried out in general . witii the N-H hydroxamic adds in accordance with procedures described herein for N- 
organohydroxamic acids, recognizing tiiat appropriate organic solvents should be selected with sufficient 
capability to dissolve the N-H hydroxamic acids. Thus in the various uses for hydroxanalc acids exemplified 
20 with N-alkyI or N-organo hydroxamic acids herein, it is to be recognized that in general N-H hydroxamic 
acids may be substituted with possibly some modification witii respect to solvent use or choice. 

Even tiiough the N-H hydroxamic acids can be very effective in combination witii oxidants in causing 
the dissociation and dissolution of QaAs. ttie use of N^rgano hydroxamic acids is strongly prefen-ed 
because of various advantages including less oxidative degradation, greater hydralytic stability, lower 
25 viscosity and easier sfrippabillty of gallium from the chelate. 

The extraction and stripping procedures as described herein can also be used In general for removing 
gallium from aqueous arsenic-cont^ning solutions resulting from oxidWng gallium arsenide in ttie presence 
of a water-soluble complexing agent, e.g. sodium tripolyphosphate. Thus gallium arsenide can be treated 
with an oxidizing agent, e.g. aqueous hydrogen peroxide, and a water-soluble chelating agent e.g. a 
30 polybasic phosphoms compound, to oxidize and dissolve gailium arsenide, and tiie resulting solution can be 
contacted witii an organic extractant compriang an N-organohydroxamIc acid to extract tiie gallium; the 
gallium can then be stripped from tiie organic medium with an addle or alkaline aqueous Ikiuld, wfth the 
hydroxamic acW being removed and remaining in the organic phase. 

Methods of preparing tiie N-alkyialkanohydroxamic acids are known. Such compounds can be prepared 
35 by the reaction of a N-alkylhydroxyamlne with a c8rlx)xylic add chtoride. 

The N-organohydroxamlc adds used herein can in general be prepared by reaction of N-substltuted 
hydroxylamines with cariDoxylic add chlorides. The reaction can be effected by adding the cari^oxyllc add 
chloride simultaneously witii a base, sudi as aqueous NaOH, to a solution of the N-alkylhydroxyl amine in 
organic solvent The product is purified by thorough water washing to remove byiimduct sails. 
40 The present invention Involves m oxWaBon of Uie gallium arsenide. The oxidation raises tiie arsenic ion 
to a higher valence state, as from a negative anion to. an oxide in which the arsertic has a positive valence, 
as in AsOj^" or AsOd^", The oxkllzing agents employed are ti^ose capable of effecting the oxidation In tfie 
presence of designated conjplexing agents, preferably In near stoichiometric amounts and in a reasonably 
short reaction time. Agente which can be employed include peroxide compounds, such as hydrogen 
45 peroxide, sodium peroxide, free halogens, e.g. bromine, chlorine or icxllne, particulariy In ttie presence of 
water, aqueous alkali, e.g. sodium hydroxide solutions, nitrogen oxides, e^, nitric add. The oxidladr^ agents 
can be provided as such, or generated chemically (or electrically) from various sources. Some oxidldng 
agents which can be used In ttie present Invention, such as nitric add. are highly con-osive and give off 
undesirable fumes and produce byproducts which present 'a disposal problem. In addition, add agents 
5a require large amounts of base for neutrallza flon witii attendant costs and di^X)sal problems. There Is 
ttierefore great advantage In using a mild oxldladng agent sudi as aqueous hydrogen peroxide, which does 
not involve noxious fumes and produces an Innocuous byproduct, water. Halogen oxidizing agents require 
more careful handling than hydrogen peroxide and produce hydrogen hallde as a by product which may be 
undesirable, depending upon possible use for such product However when halogen oxidizing agent or even 
55 nitric acid are used as oxidizing agents witii hydroxamic acids as chelating extractants. tt Is possible to 
recover ttie hydroxamic acid for furtiier use in ttie process. The recoverablllty of ttie. hydroxamic adds Is in 
contrast to tiie fact that a number of otfier types of agents react or fomi products In ttie dissolution which 
make them difficult to regenerate. H should furtiier be noted ttiat halogens and nitric acid, when used witii 
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hvdroxamic acids, can be employed in amounts stoicl^lometrlcally equivalent to the gallium arsenide, thus 
providing only relatively small amounts of hydrochloric acid for neutralization or disposal. This contrasts with 
procedures In which a relatively large amount of aqua regia-or similar solution may be employed as a 

reaction medium. . j x xf » j 

It is desirable that the N-organo hydroxamic acid have tow solubility in water in order to effect ready 
separation of the chelated gallium from the aqueous oxidizing medium, m Table 1 the aqueous solubilities 
of a number of hydroxamic acids are reported. 

TABLE 1 

AQUEOUS SOLUBILITIES OF N-AEKYLAIKANO AND N~H HYDROXAMIC ACIDS 

EXTRACTANT SOLUBILITY (25^C.) 

ppm molarity 

versa tohydroxamic acid (not N-alkyl) 1600. 8.54xl0_^ 

neotridecanohydroxamic acid (not N-alkyI) 328. 1.43xlO_^ 

N-methyldecanohydroxamic acid 111./82- 5/A9xlO__^ 

N-methylhexadecanohydroxamic acid 1.3±1 4.60xl0_^ 

N-isopropyldecanohydroxamic acid 3.9±1 1.68xlO_^ 

N-hexyldecanohydroxamic acid 1.6±1 5.71x10 

N-(l-iiottyldecyl)cyclohexaaohydroxainxc acid 0.7±1 1.7x10 

N-metJiylnonanohydroxamic acid ^09. 2.18x10 

It will be noted that most of the N-alkyI hydroxamic acids have very tow solubilities in aqueous media, 
with the solubility tending to increase with decreasing number of carbon atoms in the hydroxamic acids. 
The N-methyl nonanohydroxamic acid has relatively high aqueous solubility; however, its solubility in a 
typical phosphate rock treater dust leachate (containing high concentrations of Al. Zn, Fe. phosphate and 
other tons) is markedly lower, being 20 ppm (1.07 10"' molarity). This appreciable but limited solubility 
appears responsible for the effectiveness of N-methyinonanohydroxamic add in extracting Qa from such 
leachatBs, with regard to both rate and extent of the extraction compared to higher carbon number N-alkyI 
hydroxamic acids. Fbr the extraction to occur/it is necessary that the extradarrt have some slight soluWllty 
In the aqueous 6a-cont^ning medium. . 

Very little water solubility Is a useful characteristic of extractants in general and is useful In the present 
invention in order to effect separation from the aqueous oxidizing medium. However, the invention 
apparently Involves extraction of the gallium from aqueous media, so it Is essential that the extractants have 
some limited solubility In such media; but it is generaUy desirable that the hydroxamic add solubility In the 
aqueous reaction phase not exceed 300 ppm. Tlie solublBty will vary somewhat with the concentration of 
metal salts In the aqueous medium, because of a salting out effect In order to improve the solublBty of the 
extractant in an aqueous metal-containing phase. N-alkyl hydroxamic acids can be selected wWch have a 
number of carljon atoms toward the lower end of an eight to 20 carbon atom range. Even so. such 
extractants will have little solubility in water, generally less than 0.1% and be substantially water insoluble. 

It is further generally desirable that the waterHnsoliAIe extractant have high solubility in organic media, 
preferably including high solirijility In aliphafic hydrocarbons, and the extractants should have a sufBdently 
high number of carbon atoms to assure such solubinty. it is further desirable that the water insoluble 
extractant have a high solubility ratio with respect to relative solubility in an organic medium used compared 
to an aqueous medium, as expressed by partition ratios In organic: aqueoK of > 10:1. and preferably > 
20:1 and often > 100:1. 

While it is definitely advantageous to use water-insoluble complewng agents, it is also feasible to use 
water soluble complesdng agents for the addatfon reaction with gallium arsenide, and ttien rely upon further 
procedures for separating the compleMsd gallium from the arsenate tons. The oxidation and formation of 
gallium complexes has been found to proceed well with a number of compiexing agents other than 
hydroxamic acids. Also, the oxidation proceeds in the presence of short-chain water soluble N-alicyl 
hydroxamic acids, even witti such short chdns as N-methyl acetohydroxamic add. but the chelated gallium 
does not readily separate from the aqueous oxidation medium. 

For efiicient extraction of gallium under add conditions with N-allcylhydroxamlc acids, the pH will 
generally be at least as high as about 1 orl A although varying somewhat with the particular hydroxamic 
add used. Also with an effective modifier present, desired results may be obtained at pH's as tow as 0.8 or 



0.9. With no modifier present, a desirable pH range for efficient removal of Ga from acid solutions having 
fairly high content of one or more of many of the other metal cons potentially present, is about 1^ to at>out 
1.6. A pH'of 1.2 or above permits efficient removal of Qa. while a pH of 1.8 or lower tends to avoid 
substantial precipitation of many metal ions. If conditions which cause precipitation are employed, the 

5 solutions are more difficult to handle and extra fittrations may be required. If substantial quantities of other 
metal ions are not present, acid pH's above 1.8 may be employed for the extraction without difficulty. In the 
recovery of gallium arsenide materials, the metal impurities are often in very minute amount and it can be 
advantageous to use relatively high pH for the extraction of gallium, such as above 1.8 and preferably in the 
range of about 1.8 to about 2 or 2.5. The use of these or higher pH ranges mal<es It possible to obtain 

10 nearly complete gallium separation 5n a single contact, such as just separating the organic and aqueous 
phases following an oxidation-dissolution reaction. The small quantities of dopants or metal impurities 
frequently present will not ordinarily cause a precipitation problem. Then, if desired, such metal impurities 
as are extracted can be removed from the solutions containing the chelated gallium by washing with dilute 
acid solution, such as a 1% sulfuric acid solution. Such impurities as indium, tin, lead, zinc and aluminum 

IS may be removed by such procedures. 

After the gallium has been extracted into organic media with a water insoluble N-organo hydroxamlc 
acid, it may be stripped from the organic medium with an acidic aqueous solution, preferably of pH no 
greater than 0.5 for efficient extraction, aittiough stripping to some extent can be effected at higher pH's, 
using high stripping solution volumes or repeated contacts with fresh solution to adileve the desired degree 

20 of extraction, 

For operation under alkaline conditions, one can adjust the pH of the solution to pH above 7 following 
the oxidation-dissoluBon reaction with gallium arsenide and Hien separate the organic hydroxamic phase 
containing the gallium from the aqueous phase. An efficient extraction and recovery process can extract Qa 
with N-organo hydroxamic add at pH of about 7 to 11 and recover the Ga from the extractant by stripping 

25 wfth aqueous alkaline medium at pH of about 11 to stout 12 or above, particularly at about 11.5 to 12. 
There is some overlap in extraction and stripping ranges and some extraction is obtainable in pH ranges up 
to about 12 or so. but extraction is more efficient at pH*s near 1 1 or lower. However marginal results can be 
improved by using higher concentrations of hydroxamic acids, and tiie ranges may vary somewhat with the 
particular hydroxamic acid or conditions. 

00 Among the various hydroxamic adds useful In the present Invention are, for example, N-metiiyl- 
nonanohydroxamic acid. N-metiiyl-napWhenohydroxamIc add, N-mettiyl 2-hexyl-decanohydroxamlc add, N- 
metiiyi stearo-hydroxamic add, N-methyi isostaarohydroxamic acid. N-metfiyl neotridecanohydroxamic acid. 
NHsopropyl decanohydroxamic acid, N-hexyldecanohydroxamic acid, N-(1-nonyldecyl) cyclohexanohydrox- 
amic add. N-ethyl napWhenohydroxamic add, i^meUiyl neodecanohydroxamic add, N-phenyl naph- 

35 thenohydroxamic add, N-methyl 4-decylbenzoydroxamlc acid, N-n-propyl naphthenohydroxamic acid, N.N- 
dimetiiyl n-decylsucdnodihydroxamic acid. Effidendes of the hydroxamic add will vary somewhat, and the 
more water insoluble hydroxamic adds will separate more readily from aqueous reaction product However, 
tiiose hydroxamic adds which are slightly water soluble, or even considerably water soluble, can be 
separated from aqueous media by organic solvent extraction if necessary if tiiey have some dl solubinty, as 

40 Will be the case, for example, for Nnnnethyl pentanohydrpxamic add. In addition, highly water soluble 
hydroxamic adds can be used In the oxidation reaction. e.g. N-methyl acetohydroxamic add. but spedal 
provisions will be needed, as discussed herdn, to separate the resulting Qa tons from aqueous media 

Various N^H hydroxamic acida are suitable for use herein and representative compounds may have a 
total of up to about 30 cr so carton atoms, wHh those of about 7 or more carbon atoms being waler 

46 insoluble. Examples of suitable N«H hydroxamic acids Include naphthenohydroxamic add. nonanohydrox* 
amic add, decanohydroxamic acid, stearohydroxamic acid, neotridecanohydroxamic add and modifications 
of the various N-organo hydroxamic adds disclosed herein, but with the fl-alkyi or otiier N-organo group 
replaced by a hydrogen substituent Simllariy, in tiie representative fonnulae for hydroxamic adds disdosed 
herein, tiie N-organo substituent can bo replaced by a hydrogen substituent as in R,C{0)N(OH)R, In which 

50 Rt becomes hydrogen, and R, has at least about 8 carbon atoms for water insoluble hydroxamic adds. 

Among otiier complexing agents useful in the oxidation of gallium arsenide are cert^n salts and adds 
of phosphorus. Suitable phosphorus compounds In general are chelating agents by virtue of having two or 
more phosphorus add moieties, or by having fliree hydrogens In a phosphorus acid replaced by metai 
anions, as in allcall metal triphosphates. Some other salts of dibasic or polybasic acids are simllariy effective 

5S in the reaction, for example, sodium oxalate. The acids, generally polycarboxyllc adds, can be used in acid 
form, but tiie alkali metai salts are generally more water soluble and convenient for use. Phosphorus salts 
and similar complexing agents generally pnsduce water soluble gallium complexes which do not ordinarily 
separate from an aqueous oxidizing medium. The recovery of the gallium values tiien requires a separate 
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step, such as a solvent extraction with hydroxamic add extractants. or other strong metal extractants. such 
as Kelex® 100. utilizing procedures as described herein and as further described In aforesaid European 
application 87 870 166.3. the disclosure of which is incorporated herein by reference. Because of the 
additional step involved when water-soluble complexing agents are used, it will ordinarily be preferable to 
use water-Insoluble N-organohydroxamic arid complexing agents. However, in some special circumstances 
it may be desirable to utilize complexing agents other than water-insoluble N-organohydroxamic acids, and 
then use solvent extraction or another procedure to recover gallium values. Also it is possible to utilize 
neutralization or other pH regulation procedures to recover gallium hydroxide by filtration, but such 
procedures have a number of undesirable aspects. In some particular instances with soluble complexing 
agents, an insoluble gallium complex may form arid precipitate from the aqueous oxidizing medium, as is 
the case when ethylene diphosphonic add is employed. In such cases, the predpitate can be conveniently 
separated from the aqueous medium by filtration or decantatlon. and this provides a convenient separation 
of the gallium and arsenic values. 

It can be theorized that water soluble hydroxamic acids might be present in higher concentration at the 
oxidation site of an aqueous oxidant, but the water Insoluble N-organohydroxamic acids seem to be very 
effective in providing conditions for oxidation of gallium arsenide. However it is feasible to use an N- 
organohydroxamic acid of limited hydrophobic character . such as having a total of 5 to 7 carbon atoms and 
limited water solubility but still with good dl or organic solubility. After such compounds are used in an 
oxidation to torn a chelate with gallium, the chelate can be extracted into organic media by contacting the 
reaction product solution with high volumes of hydrocarbon solvent, compared to the volume of reaction 
product solution. 

The phosphorus complexing agents useful herein are characterized fay being polybasic phosphates, 
preferably tribasic phosphates: or pdyphosphonates having two or more phosphonata groups and chelating 
ability, i.e. 



C-PO,= 
I 



groups in which the groups can be salts or adds, espedally alkali metal salts; and include for example, 
tribasic sodium orthophosphate. Na,P04. tribasic potassium orthophosphate. K,PO.. sodium pyrophosphate. 
Na,PO,-0-PO,Na,, sodium tripolyphosphate. Na,PdOM. ethylene diphosphonic add. H,PO^H,CH»PO,H,. and 
certain Dequest® brand name water treatment compounds marketed by Monsanto, Including 

Dequest© 2010, H20aP-C(0H)-P03H2 , 

CHs 

Dequest® 2000, HaOaP-CHa-NH-CHaPOaHa , 

CHsPOsHa 

Dequest® 2041, (H203pCH2)2NCH2CS2li(CH2p08E2)2 

and Dequest® 2061, H2O3PCH2-NCH2CH2 H-CHz-CHz-N-CHzPOaHz 

CH2PO3H2 CH2P08K2 CHaPOaHa 

The Dequest® water treatment compounds can be used In .either acid or partial or complete metal salt 
forms. Of the Dequest® compounds, Dequest® 2010 works well, while the other named Dequest® 
compounds result in gallium arsenide dissolution, but at a rather slow rate and with some degradation of the 
compounds, possibly by oxidation. A dibasic sodium phosphate. Na,HPa also was effective In causing 
dissdution, but at a slow rate and with some white predpltete formation. 

The present invention will be useful for recovering gallium from various sources of gallium arsenide, 
whether substantially pure gallium arsenide, gallium aluminum arsenide, gallium Indium arsenide, or gallium 
arsenide contaminated with various metal or other Impurities or dopants. Such possible sources Indude. for 
example, those described in the above-referenced Bird et al publication, being waste or scrap materials 
generated during gallium arsenide wafer manufacture and processing Into semiconductor devices, and 
described as endcute, broken wafers, saw kerf, lapping compound, eto.. and the waste can contain Fe, Al. 
Si, Zn. and other metallic and non-metaBfc wastes listed in the pubOcation. While tte emphasis In the 



present application is on separation of gallium from arsenic, the invention can also involve separation of 
gallium from other metals and further purification of gallium. In particular, water insoluble N-alkyl hydrOK- 
amlc acids are selective extracting agents and the process can be adapted to effect separation of gallium 
from many metals, particulariy by appropriate adjustment of pH: or wash solutions can be used to remove 

5 metal impurities from solutions containing gallium hydroxamate chelates. At relatively low pH, many of the 
metals are water soluble, while the gallium hydroxamic acid chelate is extracted into organic media* if 
desired the oxidation, dissolution, extraction and washing procedures herein can be adapted to produce 
very high purity gallium. Also altematively the gallium obtained in the present invention can be subjected to 
further chemical or physical treatments for further purification such as electrolytic deposition, vacuum- 

10 thermal deposition, chemical dissolution, extraction, filtration, including for example various procedures as 
disclosed in the above-referred to Production of l-ligh Purity Gallium from Scrap Gallium and Abrjutin et al 
Patent No. 4,362,560. 

Some sources of gallium arsenide contain only small amounts of gallium arsenide such as 1 or 2% by 
weight, and the exemplary process herein using hydrogen peroxide and N-organo hydroxamic acid is 
15 specially useful for recovery from scrap material containing only small amounts of gallium arsenide. 

The present invention is especially concerned with the recovery of gallium from gallium arsenide. 
However, since the disciosed reagent systems result in dlsassociation and dissolution of gallium arsenide, 
they can also be used for etching and polishing etc. of gallium arsenide and the application of novel reagent 
systems herein to such use is included in the Invention. In particular, a combination of hydrogen peroxide 
20 and N-alkylhydroxamic acid may find valuable use as a mild system for etching or polishing gallium 
arsenide. 

The extent of hydrolysis of some hydroxamic acids used In some g^Ilum extraction, washing and 
stripping procedures was determined by spectrophotographic analysis of the solution after completion of the 
procedures, with results as reported in Table 2. 

25 

TABIiE 2 

Extractant 

N»E naphtiienohydros&amic acid 
N«Methyl naph^enohydrojcamic acid 
N<^Ethyl iiaphthenohydro^amic acid 
N-Propyl naphthenohydroxamic acid 

36 

The results show that the unsubstituted hydroxamic acid had a very high decomposition, 45%. while the 
N-alkyI substituted hydroxamic acids had very little dacomposilion, with the minor variances from zero 
decomposition (above or below) being wfihin the range of enor of the analysis. The procedures and further 
information on the hydroiytic stability of M-alkyl hydroxamic adds are reported In the aforesaid European 

^ application 87 870 166.3. The hydrolytio stability of the N^alkyl hydroxamic acids is an advantage for their 
use in the present Invention. 

The N-organo substituted tiydroxamic acids used herein have various advantages as extractants over 
prominent commerdalty «yailable or developmentai extractants, many of which have limited applications 
which do not include gallium extraction. >Afhlle constderadon of more than a half-dozen of such types of 

^ previously known agents Indicates that some of them possess a fair number of the following listed 
properties, none of them possess all of the desired propertiest and even ttie previously (mown N-^ 
hydroxamic acids are lacking In some of the desired properties. The deslnable properties of the N*alkyl 
hydroxamic acids include high solubility not only In aromatic solvents, but also in kerosene and otiier 
aliphatic solvents, thereby avoiding the need for generally more costly aromatic solvents; low aqueous 
solubility; high hydroiytic stability: and high stability constant selectivity with respect to metals; wide 
operating pH range including utility of both acid and basic stripping agents; fast strip kinetics; high metal 
loading; weak acid characten chelating mechanism; labile complexes with nonnally substltutionHnert metals; 
reversible Co extraction; environmental compatibility and low toxicity; perfomfiance modification by structure 
modification; relatively low cost lack of add or ammonia loading; lack of surfectant properties, including 
lack of such properties of potential hydrolysis products of particular classes: no anion carry over; no 
interference from Ca^^ Ion; and no need to use hydrochloric acid. 



% Decomposition 
45,0% 
+ 0,14% 
» 0o53% 
+ 0,74% 
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EXAMPLE 1 

Gallium was recovered from Lap Sludge by simultaneous dissolution and separation. The Lap Sludge 
was a residue of a powdered aluminum oxide polishing compound used to polish gallium arsenide wafers . 

5 and contained small amounts of gallium arsenide, analyzing as 17 J mg Ga/gram and 13.4 mg As/gram. A 
20.03 gram amount of the Lap Sludge was placed in a 500 ml flask along with 42.4 grams of N-methyl 
nonanohydroxamlc acid (85.4% purity) and 50 ml of aliphatic hydrocarbon solvent (Kermac 470B petroleum 
distillate), A 64.2 gram amount of 30% aqueous HiOi was added in three equal portions at 10 minute 
intervals, with stirring and slight warming. The reaction speared complete (by loss of black QaAs color) " 

10 after the second addition. The pH was raised by addition of a 50 ml amount of 29% aqueous ammonia 
solution, with stirring. Some gas evolution, due to excess hydrogen peroxide, occuaed and was allowed to 
go to completion. The liquids were decanted into a separatory funnel and the organic and aqueous phases . 
were separated. The organic phase was washed three times with 200 ml portions of water. Neither arsenic 
nor gallium was detectable in the washings (detection limit less than 1 ppm for each element). The organic 

IS phase was mixed with a 150 ml portion of 30% H,SOa for one hour and the phases which then formed were a 
separated. The treatment of the organic phase was repeated with an additional 150 ml of 30% HaSO*. and 
the aqueous acid stripping solutions were combined and found to contain 1100 ppm Ga and only IS ppm 
As. This represents 17.8 mg Ga per gram of starting sludge, indicating complete dissolution and separation 
of the Ga in the starting sludge. 

20 The solids, from which the liquids from the reaction mixture had been decanted, were slurried with 150 
ml of 5% nitric acid and then filtered, and the solids were then washed successively with water, ethanol and 
acetone, and air dried to a weight of 18.05 grams. The dilute nitric acid and other wash solutions were 
combined with the aqueous phase whidi had been separated from the organic phase after the reaction, and 
the resulting solution was found to have 2510 ppm As and only 114 ppm Ga. This represents 17.3 mg 

25 As/gram of starting sludge, or more than the starting concentration, indicating good dissolution and recovery 
of the arsenic. (It is noted that the analysis of arsenic in the starting material may have been tow, as it 
would presumably be . equal to gaflium on an atomic basis, and only slightly below on relative atomic 
weights; and there was good agreement between starting and recovered gallium.) In fact this result 
suggests that the procedure of the invention may be more effective In recovering the arsenic from Lap 

30 Sludge than the aqua regia procedure used for the base analysis. 

In the above procedure, ammonia was used to adjust the pH prior to separating the organic and 
aqueous phases. This was to enhance the extraction of tiie gallium hydrcscamic acid complex into the 
organic phase. Such extraction Is generally Improved by raising the pH to about 1 to 1^ or higher. Other 
all^ine materials can be used for such pH adiustment. tor example sodium hydroxide, potassium hydroxide 

35 or other caustic materials. The treatment of the solids in the above procedure witii dilute nitric acid was 
done as a precaution for possible improvement of solubility of salts of metal Impurities, Including arsenate 
salts for analytical purposes but may be omitted in a production process. 

In the above procedure the gallium was stripped from tiie organic medium into a sulfuric acid solution. 
The gallium can be recovered from tiie sulfuric add by various procedures, ifor example by conversion to a 

40 caustic solution for electrolytic reduction and recovery of ttie gallium. In tiie above procedure, tiie gallium 
recovery was very good. However In cases where tiie gallium retraction h the initial separation is not 
complete, the aqueous phase can be subjected to furttier extraction ti-eatment, using for example about an 
equal volume of hydrocarbon solvent containing 2 to 40% or so by weight of hydroxamic acid extractant, 
say 20%. and organic extracts can be combined for stripping. Stripping can be accomplfshed witii. for ^ 

4B example, about equal volumes of sulfuric add, of concentrations, preferably In tiie range bf about 10 to 
about 30%, say 30%. After the stripping procedure, ttie hydrocarijon mecfium which now contains free 
hydroxamic add extractant can be recycled fac use in tiiQ oxidation-dissolution reaction, or for use in > 
extraction procedures on solutions produced dlrscUy or Indirectly from tiie oxidationKltssolution reaction. 



EXAMPLE 2 

A series of procedures were conducted to test effectiveness of various complexing agents with 
hydrogen peroxide to oxidize and effect dissolution of gallium arsenide. A O.S gram amount of GaAs powder 
55 was added to a 50 ml beaker with 20 ml delonized water. The complexing agent was added witii stirring, 
followed by addition of 5 ml 30% hydrogen peroxide In water with stimng. Stirring was continued for about 



ro 



15 



20 



10 minutes with gradual heating on a hot plate to 85*'C.. with observation for reaction. The mixtures were 
then allowed to stand at room temperature for atx)ut four days with observation for further changes, and the 
percentage of the starting gallium which had dissolved was detenmlned by analysis of the liquid by atomic 
absorption. Results are reported In Table 3. 



TABLE 3 



Complexing Agent 
Test Compound 

A N^methylnonanohydroxamic 
acid 

B PC-88A 

(CHa (CH2) 3CHCH2) 2P(0)0H 
I 

Et 

C Kelex® 100 



Amount 



Initial 
Result 



3.0 ml Complete 

Beaction in 
8 '30'* 

3.0 ml No reaction 
10 minutes 



3.0 ml Solids 

formation 



% Ga in 
Solution 
After 4 Days 

100 



13.6 



25 



D 4-nonylphenol 
E LIX8-65N 
F SME-529 



30 



3.0 ml No reaction, 
11 minutes 

3«0 ml No reaction 
13 minutes 

3*0 ml No reaction, 
10 minutes 



J5 



40 



45 



50 



55 
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Test 



TABLE 3 (Coatinued) 

Complexing Agent Initial 
Compound Amount Result 



% Ga in 
Solution 
After A Days 



H 



Acorga P-5100 
Naphthenic Acid 



3.0 ml Kg reaction, 
10 minutes 

3.0 ml No reaction 
10 minutes 



rs 



20 



I 
J 



Di-(2-ethylhexyl) 
phosphoric acid 



3.0 ml 



Oxine 3 . 02 

(8-hydroxy quinoline) grams 



Ethylene diamine 
tetracetic acid 



2.98 
grams 



No reaction 
10 minutes 

Precipitate 



Little 
reaction 



84.2 



25 



30 



M 



Dequest® 2010 
(60% Active) 



Dequest® 2041 



3.0 ml Complete 100 
reactor, 
1 min, 3 sees . 

3.0 No reaction, 33 

grams 10 rnxn, or 24 
hours 



35 



N 



CH3(CH2)ioCNHOH 



40 



45 



SO 



Poly(acrylamide HA), 
water sol. pol, 
-C(0)NHOH groups 

H2O3PCH2 CH2PO3H2 



Sodium Tartrate 



3.04 
grams 



4,43 
grams 

3.28 
grams 



3.30 
grams 



No reaction, 
11.5 min. 
Addn. of 2.98 
grams N-methyl- 
naphtheno HA 
caused complete 
dissolution in 
60 sees. 

GaAs suspend*- 0 
ed, no reaction 



^complete 
reaction, 3 
min, , white 
prec. 

No reaction, 
14 min« 



100 in 
prec. 



100 



55 



TABIJE 3 (Continued) 

% GA in 



Complexing Aj^ent 
Compound 


Amount 


Initial Solution 
Result After A Dayj 


Sodium Triphosphate 


3.00 
grams 


Complete 

reaction, 

3 min. , 30 sees. 


100 


Monobasic sodium 
phosphate (NaH2P04) 


3.00 
grams 


Mo reaction, 
17.5 min. 


0 


Sodium citrate 
(10% sol., 20 ml H2O 
omitted) 


30 ml 


A little re- 
action 6 min. 
41 sec. complete 
11 min. ,30 sec. 


100 


Sodium pyrophosphate 
Na4p207 


3-01 
grams 


Complete 

reaction, 3 

min. , white prec. 


100 


Potassium phosphate 
CK3PO4) 


3.13 
grams 


Complete 
reaction, 50 
sees. 


100 


NaH2P04'H20 
(re-test of S) 


3.06 
grams 


No reaction 
40 min. 


0 


Disbasic Sodium 
phosphate (Na2HP04) 


3.10 
grams 


Slow dissolu- 
ion white prec . , 
incomplete, 25 
min. 


100 


Sodium oxalate 


3.05 
grams 


Complete 
reaction y 60 
sees • ; small prec 


100 


Sodium nitrilo 
triacetate 


3.0 
grams 


Complete 
reaction in 3 
min. 


100 



1. KOH, IM 2.0 ml Ho reaction, 

10 min. 

2. NaOHjlOM 1.0 ml Complete 100 

reaction y 
few sees, of 
addn. NaOH 
to hot solution 

Acetohydroxamic Acid 3.0 Complete 100 

(omitted heating) grams dissolution 

in 25 min. 
Clear color- 
less solution 
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Test 



TABLE 3 (Coatiaued) 



Complexing Agent 
Compound 



Amount 



Initial 
Result 



% GA in 
Solution 
After -4 Days 



N-methyl acetohydrox- 3.0 

amxc acid grains 
(omitted heating) 

dodecanohydroxamic 3 . 0 

acid with 10 ml 2- grams 
ethyl hexanol 
(omitted heating) 



acetohyroxamic acid 0.62 

(omitted heating) grams 

N-methyl acetohydrox 0.80 

amic acid grams 
(omitted heating) 

octanohydroxamic acid 1.48 

(omitted heating) grams 



Complete 100 

dissolution 

in 5 min. 

Some reaction 100 
in 15 min. 
(mild exotherm) . 
Complete re- 
action in 6 hr&« 

80% reacted 100 
in 30 min. 

90% reacted 100 
in 10 min* 

52.5% dis- 100 
solved in 24 hrs. after 

addn* 
of 10 
ml n* 
BuOH 



In most of the tests, the amourrt reported in solution concerns a single aqueous phase, but when there was 
a separate organic phase, e.g. in Test A with an HA. the amount reported was In the organic solution. 

Kelex-100 in the above table is a trade designation for a phenolic compound, which was the 1976 or 
earlier version of formula: 




-CH-CH2 -C-CH2 -C-CH3 
I I I 

CH CH3 CH3 

II 

CH2 



SME-529 is Shell Metal Extractant 529, a hydroxyoxime type solvent extraction reagent for copper, 
based on a group of hydroxyoximes developed In the Shell laboratories in Amsterdam in which the active 
component is 2-hydroxy-5-t-nonylacetophenone oxime. 

LIX® 65N Reagent is a water insoluble substituted oxime which forms water insoluble complexes with 
5 metallic cations, 2-hydroxy-5-nonylphenyl. phenyllcetoxime. 

Acorga P-5100 is a formulated chemical containing S-nonyl salicylaldoxime and nonyiphenol. with a low 
level of kerosene. 

It can be seen from Table 3 that with H,Oa under miid conditions. N-methyl nonanohydroxamic acid was 
an effective complexing agent (Test A), with reaction and dissolution of the QaAs occuning In a relatively 

10 short time, while reaction under the test conditions did not occur with a number of known complexing 
agents but did with several others. However agents such as sodium cftrate are water soluble and do not 
result in immediate separation of the gallium and arsenic products. It is of interest that reaction did not 
occur with an N-H hydroxamic add, dodecanohydroxamic acid (Test N) but that addition of an N-alkyI 
hydroxamic add. N-methyl naphthenohydroxamic add, to the test solution resulted in rapid reaction and 

1$ dissolution of the gallium arsenide. Dodecanohydroxamic acid was successfully employed with a solvent 
(Test e). with about 6 hours for complete reaction. A number of compounds with phosphate moietJes were 
useful and reaction of the gallium arsenide occurred. Also, the salts of the various polycarboxyllc acids 
Exhibited varying degrees of effectiveness. In the test with polymeric material (Test 0) the polymer used 
may not have been that specified, and in principle the specified polymer should give positive results in view 

20 of the positive results with related materids. 

The gallium complexed with various water-soluble agents, produced in some of the above tests, can be 
extracted by use of a hydroxamic add. The rate of gallium transfer from the water-soluble agent to the 
hydroxamic acid will depend on the water-soluble agent employed. The higher the denticity of the water- 
soluble agent, the slower will be the rate of gallium transfer to the hydroxamic acid. For example, the 

25 aqueous solution obtained in Test R using sodium triphosphate can be extracted with about an equal 
volume of hydrocarbon solvent containing 2 to 40% of hydroxamic add extractant, say 20% N-methyl 
nonanohydroxamic acid, extracting the gallium and leaving the arsenic acids in the aqueous phase. The 
gallium and hydroxamic acid can then be recovered by stripping, as described In the discussion of Example 
1 above. 

30 

EXAMPLE S 

Using the procedure of Example 2. with generally slightly over 3 grams Dequest<> 2010 (59.8% active) 
36 as complexing agent, a number of different oxidizing agents were employed with gallium arsenide with 
results as reported in Table 4. 



40 



* 45 

so 
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TABLE 4 



TEST 



OXIDIZIKG AGEMT 



to 



Compoimd 
AA ACl-60 



15 



20 



BB 



CC 



DD 



26 



£E 



30 



Amount 



3*03 grams 



liquid bromine 3.0 ml 



5% KaOCl 
ia water 



CI2 gas 



130 ml 

(omitted 20 ml 
H2O) 

Kept solution 
saturated for 
1 hour 



Ozone 



Sparged at 0.8 
m Qtole/min. 



INITIAL 
RESULT 



No reaction, 
13 min. 



% Ga In 
Solution 
After 4 
Days 

60.2 



complete reaction 100 
before 5 minutes 

No reaction, 0 

10 min; CI 

tended to boil off 

Reaction steady 100 
and appeared 
proportioned to 
stirring rate. 
Cojitplete <10 min. 
with vigorous 
stirring • 

No reaction in 17 
min at room tenip. or 
10 min with heat; or 
15 min In methanol 
with heat. 



35 



It can be seen from Table 4 that halogen oxidants were effective in general. While ACi-60 did not 
appear to react, analysis indicated 60J2% of the gallium dissolved. The failure of the NaOCI (Test CC) to 
show positive results in this test Is prot^ably a concentration effect as chlorine was produced and given off 
and chlorine was found to be effective in Test 00. Higher concentrations of r^OCl are likely to be effective. 



4a 



45 



sa 
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EXAMPLE 4 



Using the procedure of Example 2 and 3.0 ml of N-methyinonanohydroxamlc add as complexing agent, 
a number of oxidizing agents were employed with gallium arsenide, with results as reported in Table 5. 



TEST 

FF 

GG 

HK 
II 



TABLE 5 

OXIDIZING ACEMT 
Compos ^^d Aaaoimt 



PotassiuxD 
persulfate 

Iodine 



HNOa cone. 



HNO3 cone, but 
no compleaciag agent 



3.02 grams 
3.41 grams 

5.0 ml 
5*0 ml 



RESULT 



No reaction, 
.10 min. 

complete 
dissolulJ.on of 
solids 

complete reaction , 
50 sees. 

complete reaction, 
20 min. 



JJ Bromine -^S.A grams complete reaction, 

37 sees, no heating 

KK Iodine '^•S.A grams complete reaction, 

60 sees, no heating 

A number of the oxidizing agents in Table 5 were effective and gave short reaction times. The 
contribution of a good complexing agent can be seen by comparing the 50 second reaction with nitric acid 
and an N-alkyt hydroxamic acid (Test HH) wHh the 20 minute reaction with nitric acid in Oie absence of a 
complexing agent It should be noted that the 5 ml of concentrated nitric acid has been diluted by the 20 ml 
of deionlzed water used In ttie procedure. 

EXAMPLE 5 

Oxidation of gallium arsenide with bromine in the absence of water was canied out both with, and 
without an N-alkyI hydroxamic acid. An approximately 0.5 gram amount of finely divided GaAs was used 
and the components were mbced and heated as In Example 2. The hydroxamic acid was N-mothyl 
nonanohydroxamic acid. Results are reported in Table 6. 

TABLE 6 

Arot, HA Amt Brg * Result 

3.05 grams 3.50 grams Vigorous reaction, complete 

GaAs solution; no sparks or 
ignition 

None 1.0 ml The GaAs ignited and burned 

with sparks and incandescence 
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WiVh the vigorous oxidation agent Br., the oxidation occurred without a complexing agent. The 
complexlng agent still serves a function In that It dlssoived the gaiilum product and the galOum and arsenic 
can be separated by adcMon of water to provide two phases. 



Claims 

1 The method of dissociating gallium arsenide Into a gallium-containing component and an arsenic 
contaning component which comprises contacting the gaiilum arsenide with an oxidizing agent and a liquid - 
comprising hydroxamic acid to convert the gallium to a galllum-hydroxamic acid complex and to oxidize the 
arsenic to a positive valence state. 

2. The method of Claim 1 wherein the hydroxamic acid Is an N-organohydroxamic acid. 

3. The method of Claim 1 wherein the hydroxamic acid is an N-alkyI hydroxamic acid. 

4 The method of Claim 1 wherein the hydroxamic acid is an N-alkylalkanohydroxamic acid. 

5. The method of Claim 1 wherein the fiquld comprises a water insoluble N-alkyI hydroxamic acid and 

W3tQr 

6. The method of Claim 1 wherein the oxidizing agent is selected from the group consisting of chlorine, 
bromine, iodine, nitric add and peroxides. 

7 The method of Clam 1 wherein the oxidizing agent Is aqueous hydrogen peroxide. 

8 The method of recovering gallium from gallium arsenide which comprises oxidizing the gallium 
arsenide with an oxidizing agent in a liquid medium comprising an aqueous phase and an organic solvent 
phase containing a water insoluble N-organohydroxamic acid to obtain a galllum-N-organohydroxamic acid 
complex and to produce acids of arsenic selected from the group consisting of arsenous acid, arsenic acid, 
and mixtures thereof, separating the organic solvent phase containing the gallium-N-organohydroxamic acid 
complex from the aqueous phase containing the acids of arsenic, and mixing the separated organic solvent 
phase with an aqueous acid to strip gallium from the gallium-N-organohydroxamic acid complex wherein the 
stripped gallium is transfenred from the organic solvent phase to the aqueous acid. 

9 The method of Claim 8 wherein the oxidizing agent is hydrogen peroxide and the hydroxamic acid is 
represented by the formula CH,(CH^C(0)N(OHKCH,).CH, wherein m is an Integer from 6 to 16 and n is an 
integBr from 0 to 6. 

10. The method of Claim 8 wherein the hydroxamic add is an N-alkyl alkanohydroxamic acid having up 
to 3 carbon atoms in the N-alkyi group and a total of about 8 to about 40 carbon atoms in the acid- 

i 1, The method of Claim 8 wherein the hydroxamic acid is N-methyl nonanohydroxamic add. 

12 The method of Claim 8 wherein the gallium Is stripped from the gallium-hydroxamic acid complex 
by treafing the complex with acid and separating the gallium from the hydroxamic acid which is recovered 

for recycle. ^ . . * 

13. The method of Claim 8 wherein thd gallium Is stripped from the galllum-hydroxamic acid complex at 

a pH either no greater than 0-5 or above 11- 

14. The method of effecting oxidation of gallium arsenide which comprises contacting gallium arsenide 
with an oxidizing agent and a phosphorus complexing agent wherein the phosphorus comple)dng agent is 
selected from the group consisting of polybasic phosphates and compounds having two or more or- 
ganophosphonate groups. ^ 

15. The method of Claim 14 wherein the complexing agent Is 1 , a-ethane dlphosphonlc acid. 

16. The method of Claim 14 wherein the complexing agent Is NajPOd or K1PO4- 

17. The method of Claim 14 wherein ttie complexing ^ent Is CH,C(0H)(P05Ha),. 

18. The method of separating galliutn from a gallium arsenide compound which comprises oxidizing the 
gallium arsenide In the presence of water and a complexing agent to form a galllum-complexing agent 
complex, and extracting the gallium from the resulting aqueous solution with an N-organohydroxamIc add. 

19. The method of Claim 17 wherein the complexing agent Is selected from polybasic phosphate 
complexing or chelating agents, compounds having two or more alkanephosphonate groups, and complex- 
ing agents having two or more carboxyl groups, 

20. The metiiod of recovering gallium from gallium arsenide which comprises oxidizing the gallium 
arsenide with an oxidWng agent in tiie presence of a water insoluble straight chain non-N-substituted 
hydroxamic add dissolved in a water Immlsdble polar solvent to convert the arsenide to an oxide form of 
arsenic and to fom^ a gallium non-N-substituted hydroxamic add and complex witii the straight chain non- 
N-substituted hydroxamic add and separating tiie resulting galllum-non-N-substituted hydroxamic add 
complex from the aqueous medium contalrfng tiie arsenic compounds* 

21. A composition comprising a hydroxamic add In intimate contact wltii particulate gallium arsenide* 



22. The composition of Claim 21 wherein the hydroxamic acid is represented by the formula CH,(CH,)- 
mC(0)N(OH)(CHt)nCH, wherein m is an integer from 6 to 16 and n is an integer from 0 to 6. 

23. A composition which comprises an organic phase comprising a galllum-hydroxamifc acid chelate 
and an aqueous phase comprising acids of arsenic selected from the group consisting of arsenous acid. 

5 arsenic acid, and mixtures thereof or their salt derivatives. 

24. The composition of Claim 23 wherein the hydroxamic acid of the gallium-hydroxamic acid chelata Is 
an N-organo hydroxamic acid- 

25. The composition of Claim 23 wherein gallium and arsenic are present in substantially equimolar 

amounts, 

w 26. The composition of Claim 23 wherein the organic phase comprises a hydrocarbon solvent 
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